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Antibodies

Antibodies are soluble molecules present in biological fluids such 
as blood, colostrum, saliva, cerebrospinal fluids and the intesti-
nal lumen. By definition they are mediators of humoral immune 
responses and protect against infections.

An antibody consists of an identical pair of immunoglobulin 
(Ig) heavy chains (HC) and light chains (LC), each containing 
a variable and constant region (Fig. 1). The variable region con-
tains hypervariable sub-regions, referred to as complementarity 
determining regions (CDR1-3) (Fig. 2), which are responsible for 
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Ever since the days of Ehrlich and the birth of humoral 
immunity, self-reactivity or ‘horror autotoxicus’ as referred 
to by Paul Ehrlich, has been of great concern. For instance, 
in patients with the autoimmune disease systemic lupus 
erythematosus (SLE), anti-nuclear and anti-DNA antibodies 
have been recognized for many years. Despite this, the exact 
mechanism as to how the immune system fails to protect the 
individual and allows these autoantibodies to develop in this 
and other systemic autoimmune diseases remains uncertain. 
So how can we explain their presence? Evidence suggests that 
B cells expressing autoreactive antibodies do not normally arise 
but rather undergo negative selection as they develop. In light 
of this, it might seem contradictory that not all autoreactive 
B cell clones are eliminated, although this may not even be 
the intention since autoantibodies are also found in healthy 
individuals and may even protect from autoimmunity. Here, 
we will discuss autoantibodies, in particular those recognizing 
DNA, with regard to their reactivity and their potentially 
pathogenic or protective properties.
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the actual antigen contact. The HC constant region, on the other 
hand, determines the variety of antibody effector functions.

The enormous diversity of the primary antibody repertoire 
observed in the mature B cell pool is the result of a somatic process 
mediated by the recombination-activating-genes 1 and 2 (RAG). 
In this, random recombination of germline-encoded V

H
 (vari-

able), D (diversity) and J
H
 (joining) gene segments generates the 

HC variable region and V
L
, J

L
 that of the LC (Fig. 2).1 The reac-

tion itself also contributes to the diversity by the imprecise joining 
of the gene segments, which results in the antibody HCs show-
ing the greatest variability at the V

H
-D-J

H
 junction (junctional 

diversity). Furthermore, the enzyme N-nucleotidyl-transferase 
(TdT) adds non-templated N-nucleotides to the V

H
-D and D-J

H
 

junctions, thereby further increasing the junctional diversity. The 
TdT enzyme is mainly active in the bone marrow, hence increas-
ing the adult primary antibody repertoire over that of the fetal 
repertoire. The respective V gene segment encodes the CDR1 
and -2. The V

H
-D-J

H
 junction encodes the HC-CDR3, which is 

a major determinant of the antibody-antigen interaction, in some 
cases even dominant.2

Although the primary antibody repertoire of B cells is very 
diverse, it has the capacity to increase even further through a 
process termed somatic hypermutation (SHM), which may lead 
to an increase in the affinity of the antibody for the antigen, i.e., 
affinity maturation. In addition, antibodies may change effector 
function through a process termed class switch recombination 
(CSR), resulting in a switch from for instance IgM to IgG. Both 
SHM and CSR are processes that take place in more mature B 
cells during an immune response.

B Cell Development

During fetal life, B cell development takes place in the liver whilst 
in adults, in the bone marrow. Early in B cell development the Ig 
HC locus is first DJ and subsequently VDJ recombined.3,4 After 
functional recombination, the synthesized μHC assembles with 
surrogate LC, an invariant LC that is composed of the VpreB and 
λ5 polypeptides, and expressed as a pre-B cell receptor (pre-BCR) 



12 Self/Nonself Volume 2 Issue 1

expression varies there is still no good marker for B1 B cells.13 
Also B2 B cells can be further subdivided, into follicular (FO) 
and marginal zone (MZ) B cells, in the spleen found in follicles 
and outside of the marginal sinus, respectively, whereas in lymph 
nodes the vast majority of B cells are of the FO type.

Mono-, Oligo- and Polyreactive Antibodies

There are, as of yet, no clear way to group antibodies based on 
common structure, e.g., V gene usage but their reactivity can be 
defined based on antigen binding patterns, e.g., mono-, oligo- or 
polyreactive as well as their affinity for antigens. In general, a 
polyreactive antibody binds several unrelated antigens with low 
affinity whereas a monoreactive antibody binds one antigen with 
high affinity, with the antibodies between the two extremes rep-
resenting those that are oligoreactive.14

It has been estimated that within the pool of mature naïve 
human B cells (IgM+CD27-CD10-) approximately 5% express 
polyreactive BCRs, here defined as reactivity to more than one of 
the following antigens ssDNA, dsDNA, insulin or LPS15 whereas 
the frequency within IgM+ memory B cells (IgM+CD27+CD10-) 
is around 1%,16 indicating that these are more specific in their 
reactivity, as might be expected of a memory population. 
Surprisingly, therefore, the proportion among IgG+ memory B 
cells (IgG+CD27+CD10-) is almost 25%.17 As one would expect 
that IgG+ memory B cells from healthy individuals are mostly 
directed against non-self antigens and would show a more 

on pre-B cells.5-9 Subsequently, surrogate LC is silenced and the 
Ig κ and/or λ LC loci undergo VJ recombination. Upon bona 
fide LC synthesis, these assemble with the existing HCs and form 
a membrane-anchored antibody, a BCR, in fact, IgM. These, 
immature, B cells thereafter migrate to secondary lymphoid 
organs, e.g., spleen where they develop into mature B cells.

Mature B cells can be divided into B1 and B2 subsets. In 
mice, the B1 subset can be further subdivided into CD5+ B1-a 
and CD5- B1-b cells.10-12 In humans, because the degree of CD5 

Figure 1. General structure of an IgG antibody. This consists of an identical pair of Ig HCs and LCs each containing a variable and constant region.

Figure 2. Schematic picture of HC and LC CDRs and FWRs. The HC 
and LC variable regions are encoded by the recombined V(D)J gene 
segments. The relative positions of the CDR1-3 and the FWR1-4 are 
indicated.
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Pathogenic Autoantibodies

Some autoantibodies are considered pathogenic and could be 
one of the plausible factors responsible for the onset of autoim-
mune disease, followed by injury to the tissue for which they bear 
specific reactivity. However, autoantibodies may not by default 
be pathogenic but can be defined as such according to certain 
criteria. Based on Koch’s postulate for linking a specific disease 
to a given microbe, half a century ago Witebsky et al. proposed 
postulates to define autoimmunity.27 Due to and based on the 
progress of knowledge in the field, the postulates of Witebsky 
were revised and Bona proposed the following criteria to define 
pathogenic autoantibodies:28 (1) An autoantigen is to be identified 
and its ability to induce autoantibodies and autoimmune disease 
needs to be demonstrated in animals; (2) Isolation of pathogenic 
autoantibodies from affected organs is required; (3) Passive trans-
fer of autoantibodies should induce lesions or symptoms of auto-
immune disease; (4) Occurrence of autoimmune disease in mice 
expressing V genes encoding pathogenic autoantibodies. One 
could therefore ask whether there are autoantibodies that fulfill 
the criteria proposed by Bona and, according to these, could be 
defined as pathogenic? We will initially consider autoantibodies 
in SLE, which is a chronic, systemic autoimmune disease that 
can affect the blood and blood vessels, joints, skin, lungs, heart, 
kidneys and nervous system. Glomerulonephritis is one of the 
most severe clinical manifestations in SLE, affecting about 30% 
of patients and is in part caused by autoantibodies binding to 
the glomeruli resulting in inflammation. Below we will discuss 
autoantibodies in light of the four postulates, whether they ful-
fill these and, based on this knowledge, current thoughts around 
their development.

Testing the First Two of the Postulates

The presence of anti-nuclear antibodies (ANA) and anti-DNA 
antibodies in SLE patients was first described in 1957,29-32 and 
it has since been found that the vast majority (>95%) of SLE 
patients present with serum ANAs. As the targets of these auto-
antibodies are nuclear antigens, e.g., DNA, chromatin, nucleo-
proteins, we conclude that the antigens that these autoantibodies 
recognize have been defined.

To fulfill the first of Bona’s criterion, the defined antigen(s) 
should give rise to autoantibodies and disease when injected. 
However, injection of DNA into healthy animals does not gen-
erate anti-DNA antibodies, as DNA itself is not very immuno-
genic. Even so, immunization of complexes of an immunogenic 
(nonself) peptide together with tightly bound mammalian DNA 
induces anti-dsDNA autoantibodies with characteristics similar 
to anti-dsDNA antibodies from lupus prone mice.33 Likewise, 
the transgenic expression of polyoma virus T antigen results in 
anti-DNA autoantibodies.34 In the latter two cases, the tight 
association of DNA with an immunogenic DNA-binding pro-
tein, presumably providing peptides for T cell reactivity and T 
cell help for autoreactive B cells, leads to the generation of anti-
DNA autoantibodies. Furthermore, injection of apoptotic cells, 

restricted specificity with high affinity towards the antigens that 
elicit them, these results suggest that a simple inverse correla-
tion between polyreactivity and affinity is not observed for IgG 
antibodies.

Natural Antibodies

Natural antibodies are present in newborn humans as well as 
germ-free mice suggesting that their repertoire is independent of 
external antigenic contact. These antibodies are characterized by 
their use of germline-encoded genes and lack of somatic muta-
tions in the V region.14,18,19 Natural antibodies are of the IgM, 
IgG and IgA isotypes, though the vast majority is IgM. Most 
bind antigens with low-affinity and the majority bind to several 
unrelated antigens, i.e., are polyreactive. The B1 subset is usually 
considered to produce natural antibodies although it has been 
shown that low-affinity, germline encoded, polyreactive antibod-
ies are not always of B1 origin and can be found in Peyer’s patches, 
lamina propria, MZ of the spleen and in the thymus.20 Natural 
antibodies play a major role in the primary line of defense against 
infections and are considered to be a part of the innate immunity.

Because natural antibodies are polyreactive and recognize a 
large number of antigens, which includes both exogenous (bac-
teria, virus and fungi) and self-antigens (nucleic acids, phospho-
lipids, erythrocytes, serum proteins, cellular components, insulin 
or thyroglobulin), the pool of natural antibodies contains auto-
antibodies, termed natural autoantibodies.21 In addition to the 
role of the natural antibody repertoire against certain bacterial 
infections, it has been proposed that natural autoantibodies serve 
other functions.22-24 For instance, oxidation-specific epitopes are 
found to be a target of natural IgM antibodies, indicating a role 
for clearance and neutralization of oxidized lipids. In fact, natu-
ral autoantibodies have been found to decrease atherosclerosis, 
possibly by preventing the accumulation of oxidized low-density 
lipoprotein particles in the artery wall.25 In addition, natural 
autoantibodies can also participate in the removal of apoptotic 
cells and may under normal circumstances play a role in inducing 
and/or maintaining immunological tolerance.26

Autoantibodies

The recombination of the V(D)J gene segments is random and 
therefore, this process generates antibodies that recognize for-
eign antigens and those that recognize self-(auto) antigens. Some 
autoantigens are found in all cells, such as DNA or chromatin, 
whereas others are only found in one cell type, e.g., thyroglobulin 
in the cells of the thyroid gland or the acetylcholine receptor at the 
postsynaptic side of the neuromuscular junction. Although there 
are autoreactivity among natural antibodies, most of us would 
think of autoantibodies as those present in autoimmune diseases, 
mostly mono- or oligoreactive, e.g., anti-DNA and anti-nuclear 
antibodies (ANAs) in SLE, anti-phospholipid (cardiolipin) in 
antiphospholipid antibody syndrome. These autoantibodies can 
be IgM or class switched and some carry somatic mutations that 
may result in affinity maturation.
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In the 1970’s, electron dense deposits (EDDs) in GBMs were 
described in SLE patients and lupus prone mice.54-56 Recently, it was 
found that EDDs in nephritic mice (NZBxNZW)F1 (NZB/W) 
contain extracellular nucleosomes and that anti-DNA antibodies 
co-localize with such EDDs.57 Furthermore, the anti-DNA anti-
bodies were clearly separated from and did not co-localize with 
other material in the GBM, e.g., laminin, which renders addi-
tional support for the importance of the nucleosome as a target 
antigen in SLE. Moreover, the presence of nucleosome-containing 
EDDs in nephritic but not non-nephritic kidneys indicates an 
increase in apoptosis or an inability to clean up apoptotic material 
in the former, which is also supported by the presence of apoptotic 
cell products in the circulation in SLE patients and mice.58

Autoantibody Sequences

In terms of the fourth of Bona’s postulates, we first need to con-
sider the V genes encoding autoantibodies. Extensive sequence 
analyses of antibodies recognizing different autoantigens have 
not revealed any definite common structural feature, with the 
exception of anti-DNA antibodies. Here, it has been shown that 
arginine residues in the HC-CDRs are strong mediators of DNA 
binding.59-62 By generating and analyzing a large collection of 
hybridomas from autoimmune NZB/W mice, enrichment of 
arginines in the CDR3 region was found and later also a correla-
tion between the positions of these arginines and their specificity 
for DNA.59,61 Reverting somatic mutations in prototypic anti-
DNA antibodies supported the importance of arginines for DNA 
binding.63 In addition, by putting together the, by that time, over 
250 mouse and a few human anti-DNA sequences described in 
the literature, evidence was presented to suggest structural and 
genetic selection of anti-DNA antibodies.64 Together with data 
from other groups,61,65 a molecular model of how the anti-DNA 
antibodies may react with DNA was introduced, stressing the 
importance of the antibody HC in the binding of DNA. According 
to the proposed model, the HC-CDR1 and HC-CDR2 extend 
into the major groove of DNA and the HC-CDR3 straddles one 
of the phosphate backbones. The stretches between the CDRs 
are termed the framework regions (FWRs) and the loop of the 
HC-FWR3 is positioned to contribute to contacts within the 
minor groove whilst the LC binds mostly at LC-CDR1, which 
reaches into the minor groove (Fig. 3). The model emphasizes 
not only the importance of certain amino acids but also their 
position. Apart from the contribution of arginine, asparagine and 
lysine to DNA binding, the authors pin point several positions in 
the HC-CDR1 and 2, HC-FWR3 and LC-CDR1 where these 
amino acids play a crucial role but still it is in the HC-CDR3 
where they seem to matter the most, as the HC-CDR3 of most 
spontaneous anti-DNA antibodies contain at least one arginine. 
Although arginine in HC-CDR3 is not a feature that is generally 
connected to affinity for autoantigens, it has also been found of 
importance in antiphospholipid antibodies.66-68 The arginines in 
HC-CDR3 can arise in several ways, e.g., nucleotide additions, 
D-D fusions as well as the D gene segment in an unusual read-
ing frame (RF), i.e., in RF3. Arginines can also be introduced 
into all CDRs by SHM.69,70 In addition to the importance of the 

representing a source of nuclear antigens, leads to the production 
of ANAs including anti-DNA antibodies.35 Even though these 
effects are only transient, it also results in IgG deposition in renal 
glomeruli. Taken together, we conclude that these autoantibodies 
fulfill the first postulate.

Because autoantibodies, e.g., anti-DNA antibodies, have been 
isolated from glomerular eluates in patients with active lupus 
nephritis,36,37 the second postulate is also fulfilled.

The Third Postulate

Regarding the third postulate, it has been found that passive 
transfer of SLE autoantibodies partially induces features of the 
autoimmune disease. For instance, administration of a panel 
of anti-DNA antibodies showed that some, but not all, induce 
nephritis in non-autoimmune mice38-42 and thus, fulfilling also 
the third postulate. 

In this context, we will also consider Goodpasture’s disease 
(GP), which is characterized by circulating autoantibodies against 
glomerular basement membrane (GBM) and a linear deposition 
of IgG along the glomerular and pulmonary alveolar basement 
membranes.43 The anti-GMB antibodies can be directly patho-
genic as shown by the injection of antibodies, eluted from the 
kidneys of GP patients, causing acute glomerulonephritis in 
monkeys.44 However, a recent report has discovered such autoan-
tibodies also in healthy individuals, although at very low levels.45 
Thus, an antibody can fulfill the first three postulates and conse-
quently be considered pathogenic but may not always cause dis-
ease. This is also supported by the observation that around 25% 
of healthy relatives of SLE patients present with serum ANAs. 
This would imply that, in some cases, pathogenicity of autoan-
tibodies might depend on correct exposure of the autoantigen.

Cross-Reactivity of Anti-DNA Autoantibodies

Autoantibodies might be pathogenic in various ways, for instance 
anti-DNA antibodies, rather than directly binding DNA may 
interact with nucleosomes (e.g., DNA and histones). In fact, it 
has been reported that anti-DNA antibodies do react also with 
chromatin/nucleosomes although anti-nucleosome antibodies 
appear not to bind to DNA.46 Alternatively, anti-DNA antibod-
ies could also be pathogenic by cross-reacting with other antigens 
present in kidneys and/or the skin. In support of this, anti-DNA 
antibodies have been reported to cross-react with α-actinin,47,48 
heparan sulfate (HS),49 collagen IV and laminin.50,51 However, 
more recent work shed light on this and suggest that at least some 
of the reported cross-reactivity can be explained by an indirect 
binding via nucleosomes.52 It appears that when anti-DNA anti-
bodies cross-reactive to HS proteoglycans (HSPG) are treated 
with DNase I, the binding to HSPG is abolished. More detailed 
analysis revealed that the anti-DNA antibodies bound nucleo-
somes, derived from the dying hybridoma cells and the binding 
to HSPG was mediated by these nucleosomes.53 This is also sup-
ported by recent data demonstrating that nucleosomes show high 
affinity to antigens, e.g., laminin and collagen IV51 and may thus 
explain some of the observed crossreactivities.
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postulate is evidently not fulfilled. Rather, these experiments, 
together with other transgenic models for B cell tolerance have 
provided detailed insight into tolerance induction, mechanisms 
that prevent the development of cells expressing ‘pathogenic’ 
autoantibodies in normal individuals.

BCR Checkpoints

Although the above discussion was based on the fourth postulate 
and anti-DNA antibodies, extensive research based on additional 
TG mice expressing autoantibodies that are not linked to dis-
ease, e.g., those recognizing MHC (3–83) and hen egg lysozyme 
(HEL), demonstrate that negative selection is not confined to B 
cells expressing disease linked autoantibodies. However, in the 
non-disease models, selection only takes place upon introduction 
of the autoantigen, e.g., the appropriate MHC background or TG 
expression of soluble/membrane bound HEL. This implies that 
in the anti-DNA TG mice the autoantigen is present, a possible 
source of which may be apoptotic cells. Nevertheless, these and 
many other experiments have lead to the current model of B cell 
development, which includes several checkpoints for inducing 
tolerance and by several mechanisms:75-80 (1) deletion; elimina-
tion of autoreactive B cells (often by a cross-linking antigen); (2) 
anergy; autoreactive B cells are unable to respond to its antigen; 
(3) receptor replacement; recombination and expression of a 
novel V

H
 gene; (4) receptor editing; recombination and expres-

sion of another LC. In (3 and 4), this might lead to expression of 
an innocuous (nonself) receptor. In the latter, the genetic infor-
mation encoding the first LC is not always deleted or allelically 
excluded, resulting in cells expressing two LCs intracellularly 
although only the LC that gives rise to an innocuous BCR is 

arginines for DNA binding, the sequence analyses of IgM 
and IgG anti-DNA antibodies clearly suggest that they 
are clonally related and, therefore, derive from an antigen-
driven response rather than from a polyclonal activation.71

Pathogenic Anti-DNA Antibodies and the 
Fourth Postulate

Returning to the fourth postulate, several autoantibody-
encoding V genes have been tested to determine whether 
they do indeed induce autoimmune disease. The results of 
these studies are not a simple yes- or no-answer and, there-
fore, we will go through some of these in some detail. We 
will start with the well-characterized 3H9 antibody, an 
IgM anti-DNA antibody produced by a hybridoma estab-
lished from MRL/lpr mice,60 mice that spontaneously 
develop SLE-like disease, including serum ANAs and 
anti-DNA antibodies. Passive transfer of the 3H9 hybrid-
oma induces symptoms of autoimmune disease, e.g., bind-
ing to glomeruli.39 Furthermore, analysis of the 3H9 HC 
sequence shows that it is typical of anti-DNA antibodies 
in that the CDR3 contains one arginine, the CDR2 show 
evidence of SHM resulting in an additional arginine and, 
supporting the importance of arginines, mutation of the 
CDR3 arginine completely abrogates DNA binding.63

The 3H9 HC, when combined with a variety of LCs, binds 
to ss- and dsDNA with high affinity whereas together with a 
particular LC, Vk8, it binds only ssDNA. Establishment of a 
transgenic (TG) mouse line expressing the 3H9 antibody HC, 
resulted in the development of B cells, although reduced in num-
bers due to deletion.72 Crossing the 3H9 TG with another TG 
line that expresses the Vk8 LC also results in reduced B cell num-
bers due to deletion. Despite this, in both the single 3H9 and 
double 3H9/Vk8 mice, autoreactive B cells that recognize DNA 
develop. However, the BCRs expressed by these B cells only bind 
to ss- but not to dsDNA. This, of course, would be expected 
in the double TGs but not in the single TGs. Moreover, despite 
the presence of autoreactive, in fact, anti-ssDNA-reactive B cells, 
these cells seem unable to develop into plasma cells since anti-
DNA antibodies are not detectable in the serum. An inability of 
the autoreactive B cells to differentiate into plasma cells in vivo is 
supported by the fact that hybridomas established from these B 
cells are able to secrete anti-ssDNA antibodies. Because none of 
the hybridomas produced anti-dsDNA antibodies, this supports 
that such B cells do not develop. It was later shown that nega-
tive selection takes place at the pre-B to B cell transition in the 
bone marrow.72,73 Thus, these data suggest that B cells expressing 
BCRs with high affinity for dsDNA undergo negative selection 
by deletion and, as discussed below, receptor editing whereas 
those that express BCRs with high affinity to ssDNA are func-
tionally inactivated and do not differentiate into autoantibody 
secreting plasma cells. The analysis of transgenic mice carrying 
V-genes from other anti-DNA antibodies derived from diseased 
NZB/W lupus mice revealed similar results in a normal genetic 
background.74 As expression of these V genes did not result in 
autoimmune disease in a normal mouse background, the fourth 

Figure 3. Molecular model of the interaction between an anti-DNA antibody 
and DNA. According to the proposed model, the HC-CDR1 and HC-CDR2 extend 
into the major groove of DNA whereas the HC-CDR3 straddles one of the phos-
phate backbones. The loop of the HC-FWR3 is positioned such that it contrib-
utes to contacts within the minor groove. The LC binds primarily through CDR1, 
which reaches into the minor groove. Adapted from reference 64.



16 Self/Nonself Volume 2 Issue 1

normal circumstances and those recognizing ssDNA, although 
found in peripheral lymphoid organs, do not turn into plasma 
cells. However, in mouse strains such as NZB/W and MRL/lpr, 
there is spontaneous development of B cells that secrete relatively 
high levels of pathogenic autoantibodies. These autoantibodies 
are usually of high affinity showing evidence of SHM and are 
clonally related, suggesting that only a small number of auto-
reactive B cell clones are expanded. So how can we explain the 
presence of autoreactive B cells and serum autoantibodies in 
these mouse models and, by inference, in SLE patients? Most 
would agree that disease development is a multifactorial process, 
including genetic components, environmental factors in addition 
to a gender bias (9:1 women versus men of fertile age) linked to 
female hormones.

The influence of genetic components on B cell tolerance 
mechanisms in systemic autoimmunity have been directly dem-
onstrated by crossing the above-mentioned TG mice onto genetic 
backgrounds in which autoimmune disease develop. It was shown 
that the 3H9 antibody on the MRL/lpr background91 as well as 
the D42 antibody on the NZB/W background92 result in high 
affinity anti-dsDNA autoantibodies encoded by the TG V-genes. 
Therefore the fourth postulate holds true for the genetically pre-
disposed strains of mice. Furthermore, in both models, extreme 
clonal expansion of autoreactive B cells was observed and high 
affinity anti-dsDNA reactivity developed by SHM.

SLE and Genome Wide Association Studies

The development of SLE and, in particular, ANAs show a strong 
heritability also in humans, as twin studies have clearly indi-
cated.93 However, the pattern of inheritance is clearly complex 
and an unknown number of susceptibility loci confer risk to 
develop SLE and ANAs. Whereas in the 1990s certain MHC, 
complement and Fcγ-receptor alleles have been identified as 
SLE susceptibility loci, most recently genome wide association 
studies (GWAS) identified more than 20 additional susceptibil-
ity loci, with high significance and, in most cases, reproduced in 
several independent studies,94 although the individual risk (odds 
ratio) was rather low, ranging between 1.2 to 2 for most of the 
susceptibility alleles. What does this reveal about the genetics of 
SLE? It certainly shows the complexity of the genetic basis of 
this systemic autoimmune disease. Most likely, in each patient an 
individual combination of, probably additive, susceptibility loci 
result in the development of autoimmune disease, together with 
the influence of environmental and hormonal triggers. Thus, 
the individual contribution of a single susceptibility allele to the 
development of the disease is very low.

The molecular pathways in which these susceptibility genes 
are involved give a clear picture about the mechanisms that can 
induce SLE as the susceptibility loci fall into three pathways that 
are apparently altered: (1) Immune complex (antibody-antigen 
complexes) uptake including phagocytosis of apoptotic cells; (2) 
Signaling alterations (mostly in B cells) and (3) Alterations in 
TLRs and the type I interferon pathway. Strong evidence for the 
importance of these three pathways in the development of SLE is 
also provided from mouse genetics. Here, we will focus on three 

found on the cell surface,81-83 although not observed in all model 
systems.84 By contrast to the data just discussed, B cells express-
ing natural autoantibodies as a transgene/knock-in are positively 
rather than negatively selected based on their autoreactivity,85,86 
thus, do not appear to undergo tolerance induction.

A Pre-BCR Checkpoint

In addition to tolerance checkpoints based on the expression of 
autoreactive BCRs, a pre-BCR-mediated checkpoint has been 
described active already at the pre-B cell stage. The pre-BCR, as 
mentioned earlier, is assembled from HCs and surrogate LCs. A 
pre-BCR-dependent checkpoint was first observed when analyz-
ing a patient with a mutation in one of the surrogate LC com-
ponents (λ5).87 Expression of the mutant λ5 appears to affect 
pre-BCR surface expression, which may explain the lack of B 
cells in this patient.88 Nevertheless, the antibody HCs expressed 
by pre-B cells from this patient were unusual in that the CDR3s 
contained a high proportion of basic amino acids, i.e., typical 
of those found in anti-DNA antibodies. The presence of such 
pre-B cells could be related to a process where a functional pre-
BCR negatively selects pro-B cells expressing such HC-CDR3s, 
a mechanism that evidently has failed in this patient.

In agreement with the data from humans, pre-BCR-mediated 
negative selection also takes place at the pro- to pre-B cell transi-
tion in mice.89 Mouse pro-B cells also express HC-CDR3s previ-
ously associated with anti-DNA antibodies and these cells undergo 
pre-BCR-dependent negative selection. Although the exact mecha-
nism of this selection is unknown, the human study would suggest 
that the ‘anti-DNA antibody’ HCs induce apoptosis of the cells.87

By contrast to the patient expressing a mutated surrogate LC, 
in mice lacking surrogate LC B cells develop, albeit reduced in 
numbers.90 More detailed analysis of these mice uncovered a 
subpopulation of autoreactive mature B cells that express typical 
anti-DNA HC-CDR3s,89 i.e., similar to those that would nor-
mally be counter-selected by the pre-BCR. The presence of basic 
amino acids in the HC-CDR3s could, in most cases, be explained 
by the use of the D-gene segment in RF3, hence a feature also 
shared by anti-DNA antibodies. In addition, mice lacking sur-
rogate LC present with higher levels of serum autoantibodies, 
e.g., ANA and anti-DNA antibodies, than control mice. The 
development of autoreactive B cells in these mice suggest that 
these cells either by-pass the selection normally taking place at 
the BCR checkpoints or, alternatively, that these cannot replace 
the pre-BCR checkpoint. Nevertheless, despite the development 
of autoreactive B cells and serum ANAs, as far as we know, these 
mice do not come down with autoimmune disease, although not 
analyzed in any detail. This could be taken to indicate that these 
autoantibodies are not pathogenic, the levels are too low to give 
rise to symptoms or that the antigen is not present.

Genetics and the Development  
of Pathogenic Anti-DNA Antibodies

The data discussed so far, would suggest that highly autoreactive 
B cells, especially those reactive to dsDNA, do not develop under 
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TLR7, which recognizes single-stranded RNA, in TG mice on 
a normal genetic background was sufficient to induce autoim-
munity towards nuclear antigens and autoimmune disease that 
closely resembles that of SLE.97

Concluding Remarks

Taken together, it is clear that having autoantibodies in the sys-
tem is not always indicative of autoimmune disease but rather, 
low levels of autoantibodies appear to be the normal state in 
healthy individuals and may even be protective. Whereas B cells 
expressing natural autoantibodies seem to undergo positive selec-
tion, those that express highly autoreactive antibodies undergo 
negative selection, if they arise at all. Thus, in order to generate 
plasma cells secreting pathogenic autoantibodies a multifacto-
rial process is required, which includes combinations of genetic 
components.
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examples of the involvement of these pathways, based on mouse 
genetics that clearly affirm the data from the GWA studies on 
SLE patients.

The milk fat globule epidermal growth factor (EGF) 8 
(MFG-E8) is a protein that binds to apoptotic cells by recog-
nizing phosphatidylserine and that enhances the engulfment of 
apoptotic cells by macrophages. Mouse mutants lacking MFG-
E8 develop anti-DNA autoantibodies and glomerular disease.95 
As it has been shown in these mice that apoptotic cells were 
not efficiently engulfed in germinal centers, the hypothesis is 
that B cells in the germinal center with high affinity for nuclear 
antigens, arising by the process of SHM, would receive survival 
signals, differentiate into memory B cells as well as plasma cells 
producing ANAs.

As an example for signaling alteration in B cells, a recently 
described mouse mutant carrying a single gain-of-function point 
mutation in the phospholipase Cγ2 gene (a signaling molecule 
downstream of the pre-BCR and BCR) leads to increased cal-
cium responses in B cells after BCR stimulation and importantly, 
to SLE-like disease including ANAs and glomerulonephritis.96

Lastly, alterations in TLRs and the signaling components of 
type I interferon have recently provided strong genetic evidence 
for the involvement of this pathway in the development and the 
pathogenesis of SLE. The mere elevation of the copy number of 
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